Abstract-We have developed a novel three-contact verticalcavity surface-emitting laser (VCSEL) with an intracavity absorber for use in high-speed data communications. We demonstrate two distinct designs for our VCSEL and discuss the device physics underlying the behaviors of the two designs. Furthermore, we demonstrate a wide range of applications for these VCSEL's, including optical intensity modulation, phase and amplitude modulation of a microwave optical subcarrier, optical bistability, self-pulsation, and optical disk readout.
which can lead to either bistability or sustained self-pulsation [1] , [2] . Demonstrated applications include short pulse generation through passive mode locking and use of the absorber section as a modulator or integrated photodetector [3] - [5] .
Building on this previous work, we have designed and fabricated a novel VCSEL with an active quantum-well absorber integrated into the upper mirror stack. The three-contact design of this structure enables independent control of the gain and absorber regions. Furthermore, our three-contact VCSEL offers an additional degree of design flexibility that is not available in the analogous edge-emitters. Because the lasing wavelength of a VCSEL is determined simply by the optical cavity length, the position of the lasing wavelength relative to the absorber bandedge of our three-contact device can be precisely controlled. Exploiting this flexibility, we have executed two distinct designs for our structures, leading to novel device physics and a wide range of applications.
Section II of the paper describes the design and fabrication of the two types of our device. We show that if our threecontact VCSEL is designed such that the lasing wavelength is shorter than the absorber bandedge, then the absorber exhibits broad negative differential resistance. We attribute this phenomenon to variations in the cavity photon density in response to changes in the relative absorption. If instead the laser is designed such that the lasing wavelength is slightly longer than the absorber bandedge, sharp negative differential resistance arises in the absorber. We present strong experimental evidence that this behavior arises from Starkshifting of the ground state excitonic absorption peak across the lasing wavelength.
In Section III, we present applications for each of our two device designs. The first design, in which the absorber exhibits broad negative differential resistance, is ideal for use as an intracavity optical modulator. Optical intensity modulation using this technique is shown to provide bandwidth and modulation efficiencies comparable to those obtained with direct gain modulation, while potentially reducing the frequency chirp. Use of our three-contact device for integrated generation and modulation of a microwave optical subcarrier enables independent control of both the phase and magnitude of the subcarrier. The second device design, in which the absorber exhibits sharp negative differential resistance, can be made to self-pulsate or to exhibit optical bistability. In the latter mode, the VCSEL can be used as an integrated The threshold current is I th = 1:7 mA, corresponding to a threshold current density J th = 1:8 kA/cm 2 . Voltage across the gain region at the threshold current is V th = 5:6 V.
optical disk readout head, in which the gain region provides the light source while the absorber detects the magnitude of the reflected signal. These wide ranging applications illustrate the remarkable versatility of our three-contact VCSEL.
II. DEVICE DESIGN

A. General
Our novel device is a VCSEL with an n-p-n configuration that has an additional quantum well integrated into the upper mirror stack, as shown in Fig. 1 .
A distributed Bragg reflector (DBR) mirror composed of n-doped Al Ga As and GaAs pairs is grown on a GaAs substrate. A single AlAs oxidation layer is included in this DBR stack. This mirror is followed by the gain region, comprised of a 1--thick Al Ga As spacer which contains either two 80Å In Ga As quantum wells or three 70-Å GaAs quantum wells. An p-doped DBR stack with another AlAs oxidation layer is grown on top of the gain region, followed by a spacer with a single 80-A In Ga As quantum well or a 90-Å GaAs quantum well. This second active region is followed by an n-doped DBR mirror. During fabrication, the double mesa structure is obtained by dry etching, the two AlAs layers are exposed to wet thermal oxidation, and annular gold contacts are deposited as shown in Fig. 1 .
The n-p-n configuration of our VCSEL allows independent biasing of the two active regions. The lower multiple-quantumwell active region is forward biased to serve as the gain region, while the second, single-quantum-well active region acts as an intracavity absorber under reverse bias. The two oxide layers improve the current and modal confinement of the device while inhibiting lasing in "oxide modes."
Typical CW lasing characteristics for our device are shown in Fig. 1(b) . At 300 K with 0 V applied across the absorber section, the lasing threshold current of the device shown in Fig. 1(b) is 1.7 mA, corresponding to a threshold current density of 1.8 kA/cm . At the lasing threshold, the voltage across the gain region is 5.6 V. The maximum output power of our devices ranges from 0.7 to 1 mW.
B. Absorber
The unique design flexibility of our VCSEL enables precise control of the relative positions of the lasing wavelength and absorber bandedge. Due to the characteristic short cavity length of a VCSEL, the lasing wavelength of our device is determined by the single Fabry-Perot mode which falls within the gain spectrum. Hence, the lasing wavelength can be precisely engineered by controlling the optical cavity length. To fully exploit this flexibility, we have fabricated devices with two distinct designs. In Device A, the lasing wavelength is designed to be shorter than the absorber bandedge. In Device B, the lasing wavelength is slightly longer than the absorber bandedge. As expected, the behavior of our device is strongly dependent on the position of the lasing wavelength relative to the absorber bandedge.
1) Device A: Broad Negative Differential Resistance: In Device A, the lasing wavelength is shorter than the absorber bandedge. The lasing wavelength at twice the threshold injection current density is 829 nm, whereas the ground state excitonic peak of the absorber is positioned at 852 nm. The absorber in this device is a single 90-Å GaAs quantum well. The gain region is composed of three 70-Å GaAs quantum wells with the gain peak at 843 nm.
The current versus voltage ( -) characteristic of the absorber in Device A is shown in Fig. 2(a) . The absorber in this device acts much like a standard photodetector, with the measured photocurrent increasing relatively linearly with increasing optical power in the cavity. The broad region of negative differential resistance (BNDR) in the absorber characteristic arises due to variations in the cavity photon density in response to changes in the relative absorption [2] , [6] ; the origin of this phenomenon is shown schematically in Fig. 2(b) . The dashed curves in Fig. 2(b) show the response of a typical photodiode; the solid line shows the response of our intracavity absorber. When the absorber is biased as shown in Region 1 [ Fig. 2(b) ], the absorber acts like a typical photodiode in the presence of the lasing photons. Applying a small reverse bias to the absorber (Region 2) causes increased absorption and hence a reduction in the cavity photon density, which has the net effect of reducing the absorber photocurrent. Under a strong reverse bias voltage (Region 3), the absorption is so large that the device ceases to lase, so the absorber behaves like a standard photodiode with very little incident optical power. Hence, it is this tradeoff between the strength of the absorber and the cavity photon density which causes the BNDR in the absorber characteristic of Device A.
The absorption spectrum of Device A is measured by injecting light from a tunable titanium-sapphire laser into the device through the top mirror facet; see Fig. 2 (c). The resulting photocurrent arising in the absorber is measured using a lockin amplifier. As a reverse bias voltage is applied across the absorber, the ground state absorption excitonic peak red shifts due to the quantum-confined Stark effect. The measured Starkshifts are in excellent agreement with theoretically calculated shifts and previous results for GaAs quantum wells [7] , [8] .
2) Device B: Sharp Negative Differential Resistance:
In contrast, the lasing wavelength of Device B is slightly longer than the absorber bandedge. The lasing wavelength at twice the threshold injection current density is 959 nm, and the ground state excitonic peak of the absorber is positioned at 948 nm. The absorber is a single 80-Å In Ga As quantum well. The gain region in this device is composed of two 80-Å In Ga As quantum wells with the gain peak at 940 nm.
The absorber -characteristic of Device B is shown in Fig. 3(a) . With this device design, a region of sharp negative differential resistance (SNDR) occurs in the absorber -. We attribute this behavior to Stark-shifting of the ground-state absorption excitonic peak across the lasing wavelength [6] . Experimental investigation of the physical origin of the SNDR is the subject of the remainder of this section.
The measured absorption spectra for Device B are shown in Fig. 3(b) . Again, the ground state absorption excitonic peak Stark shifts with applied absorber bias voltage. If the wavelength of the injected light from the Ti-Sapphire probe laser is fixed at 940 nm [corresponding to the vertical line in Fig. 3(b) ], then the absorber -characteristic, with no applied gain bias, exhibits SNDR as shown in Fig. 3(c) . The origin of this SNDR is illustrated by Fig. 3(b) and (c). The absorber photocurrent is a maximum when the excitonic peak coincides with the 940-nm wavelength of the injected light; this occurs at an absorber bias voltage of 0.5 V. As the reverse bias voltage is increased, the absorber photocurrent diminishes as the excitonic peak is Stark shifted away from 940 nm.
In order to extend this logic to explain the SNDR observed in the absorber when our device is lasing [ Fig. 3(a) ], the effects of the greatly increased cavity photon density must be considered. In the "cold cavity" measurements of Fig. 3(b) and (c), in which our device is not lasing, the injected optical power is estimated to be on the order of 1 mW. However, when the device is lasing, the cavity photon density is two orders of magnitude greater, necessitating the inclusion of both carrier heating and carrier screening effects to explain its behavior.
Heating of the optical cavity at lasing powers causes red shifting of both the Fabry-Perot mode and of the gain and absorption spectra. At a 6-mA gain current bias, the CW lasing wavelength of Device B is 959.3 nm, which is 0.5 nm longer than the lasing wavelength under pulsed operating conditions (958.8 nm). Since the Fabry-Perot wavelength of a VCSEL has been shown to shift by 0.6Å C [9] and the absorption spectrum of bulk InGaAs shifts by 3Å C [10] , we estimate from the shift in lasing wavelength that with a 6-mA gain bias, the absorber bandedge redshifts by about 2 nm due to heating.
In addition, carrier screening causes band gap shrinkage of the absorber when the device is lasing. From the measured absorber photocurrent and a calculated carrier escape time of 10 ps, we estimate that at a gain bias current of 6 mA there are approximately 10 cm carriers in the absorber quantum well. With this carrier density, we expect a bandgap shrinkage of 10 meV, which causes a 7.5-nm red shift in the absorption spectrum [9] , [11] , [12] .
If the absorption spectrum when the laser is operated at a gain bias current of 6 mA is red shifted by the expected 9.5 nm relative to the "cold cavity" case, then we expect the absorption excitonic peak with no applied absorber bias to occur at 957.5 nm. Since the lasing wavelength of Device B is about 959 nm, the absorption excitonic peak will be Stark shifted across the lasing wavelength with applied absorber bias voltage, thereby sweeping out the SNDR observed in Fig. 3(a) .
III. APPLICATIONS
We have demonstrated a wide range of applications for our VCSEL with an intracavity absorber. The first design, in which the absorber characteristic exhibits only mild BNDR [see Fig. 2(a) ], is ideal for use of the absorber as an intracavity optical modulator. We have demonstrated both direct optical intensity modulation and microwave optical subcarrier modulation using this technique. With the second design, in which the absorber exhibits SNDR [see Fig. 3(a) ], the device can be made to operate in a bistable manner, to self-pulsate, or to function as an integrated optical disk readout head. These applications are discussed in detail below.
A. Applications of Device A
Because VCSEL's are extremely sensitive to variations in the reflectivity of the DBR mirrors, varying the absorption in the upper mirror stack is an effective means of modulating the cavity photon density and hence the output power of our devices. For Device A, the ideal operation regime for small-signal absorber modulation lies within the range of bias voltages for which the absorber current versus voltage response is relatively linear. We have used this technique to demonstrate both small-signal modulation of the optical intensity and also phase and magnitude control of a microwave optical subcarrier.
1) Direct Optical Intensity Modulation:
We have demonstrated the use of our device as a compact, integrated optical source and modulator using the biasing circuitry shown in Fig. 4(a) . By applying the modulation signal to our quantumwell absorber, which is located inside the optical cavity at a peak of the optical intensity distribution, we achieve a high-modulation efficiency with the SQW, in contrast to the multiple-well stacks required in an external quantum well modulator [13] - [15] . Furthermore, small-signal analysis of the laser rate equations, in which modulation of the absorber causes a small-signal variation in the photon lifetime, predicts that at high modulation frequencies, absorber modulation causes less frequency chirp than does direct gain modulation [4] , [16] .
The response of the device to absorber modulation is shown in Fig. 4(b) , for a variety of gain bias conditions. We achieve a small-signal modulation bandwidth of 9 GHz at a gain bias current of 8 mA. As expected, the small-signal bandwidth increases as the square root of the gain current bias above threshold; the bandwidth efficiency of the absorber modulation technique is shown in Fig. 4(c) to be comparable to that obtained using direct gain modulation.
2) Microwave Optical Subcarrier Modulation: Our device can also be used to perform phase and amplitude modulation of a microwave optical subcarrier. In this application, the microwave subcarrier is obtained by direct small-signal modulation of the gain region, while phase and amplitude modulation of the subcarrier is performed by varying the dc gain and absorber biases and . The biasing circuitry is shown in Fig. 5(a) . This integrated method eliminates complex electrical drive circuitry, offering a more compact and costeffective method of subcarrier generation and modulation, with potential applications to QAM optical data transmission or as an optical driver for phased antenna arrays [17] .
In a traditional two-contact laser with a single active region, the user controls only the gain current . Adjusting the dc gain bias alters the relaxation oscillation frequency, so for a constant subcarrier modulation frequency, tuning the gain current bias varies both the amplitude and phase of the subcarrier simultaneously. This phenomenon can be modeled using the conventional small-signal rate equations to obtain [9] the following small-signal output response [9] :
where is the steady-state photon density, is the small-signal variation of the photon density, and is the small-signal drive current applied to the gain region. is the overlap of the optical field with the gain region, is the group velocity, is the variation of the gain with the carrier density, is the carrier lifetime, and is the photon lifetime. Using standard VCSEL parameters shown in Table I [9], the simulated effect on the phase and amplitude of a 8-GHz optical subcarrier of tuning the dc gain bias current between threshold and is shown in Fig. 5(b) . When the gain bias current is such that the relaxation oscillation frequency coincides with the subcarrier frequency (8 GHz), the subcarrier phase is retarded by 90 relative to the input drive signal and the amplitude reaches a peak. As illustrated by Fig. 5(b) , this technique of tuning the gain bias current of a standard two-contact laser does not allow independent control of the phase and amplitude of an optical subcarrier.
In contrast, our three-contact VCSEL with two active regions allows the user to control independently both the cavity gain and the cavity loss by adjusting the dc gain bias current and the absorber bias voltage , respectively. This additional degree of freedom enables independent control of the phase and amplitude of an optical subcarrier. Fig. 5(c) shows a contour plot of the measured phase and amplitude of a 2.5-GHz optical subcarrier; the intersection between the contour lines demonstrates independent control of the phase and magnitude.
We have used this technique to demonstrate phase modulation of the optical subcarrier. With a dc gain bias of 7.3 mA, we apply to the gain contact a 2 MHz, 5-V peak-topeak square wave with a 5-V dc offset. Under these conditions, the device operates at the two points shown in Fig. 5(c) ; note that these two operating points have a constant amplitude but different phases. A time trace and the RF spectrum of the resulting phase-modulated optical subcarrier are shown in Fig. 5(d) . Analysis of the signal with a microwave vector signal analyzer shows that the phase-modulated component of this signal is more than 18 dB greater than the amplitudemodulated component.
B. Applications of Device B
The sharp negative differential resistance which occurs in the absorber of Device B enables the user to select between three possible states of operation of the laser: standard CW operation, bistable operation, or self-pulsation. The bias circuitry shown in Fig. 6(a) imposes a dc load on the absorber. For each choice of load ( and ), the device must operate at the intersection between the corresponding load line and the characteristic absorber -response, as shown in Fig. 6(b) . Thus, the user can select the operation state of the laser by adjusting the position of the absorber load line. For example, if the absorber bias load line A in Fig. 6(b) is chosen, then the absorber characteristic for each gain bias current intersects the load line at exactly one point. This choice of load results in the conventional output power versus current ( -) response shown in Fig. 6(c) as output A.
1) Bistability: Because of the SNDR in the absorber characteristic, it is possible to select an absorber bias such that the load line intersects an absorber IV characteristic at three points [ Fig. 6(b), load B] . Two of these three intersections are stable operating points, so with this load the device operates in the bistable manner shown in Fig. 6(c) as output B. By decreasing the bias resistance , the user effectively increases the slope of the load line, which narrows the hysteresis eye of the bistable response [18] . When the load line is tangential to an absorber characteristic [ Fig. 6(b) , load C], the hysteresis eye closes completely, as shown in Fig. 6(c) , output C.
2) Self-Pulsation: When the absorber is biased such that the load line is tangential to an absorber IV characteristic, the device will self-pulsate. Because high frequency self-pulsation reduces the coherence length of the output beam by up to three orders of magnitude, self-pulsating lasers have important commercial applications in the reduction of intermodal noise in multimode fiber transmission systems. Furthermore, such devices are potentially useful as sources in optical disk readout systems, for which instabilities due to feedback into the laser cavity must be minimized [18] - [19] . Self-pulsations have been observed previously in VCSEL's with megahertzrange repetition rates; these pulsations are typically induced by introducing passive saturable absorption centers into the lasing cavity [20] , [21] . In contrast, our design with an active quantum-well absorber enables frequency-tunable, gigahertzrange self-pulsation [22] .
The RF spectrum of the output from our device under selfpulsation regime is shown in Fig. 7(a) ; the narrow 700-kHz RF linewidth of the gigahertz-range pulsations indicates that the pulsation frequency is remarkably stable. Furthermore, as expected, our devices self-pulsate at the relaxation oscillation frequency, so the pulsation frequency can be tuned by adjusting the gain bias current . Fig. 7(b) shows tuning of the self-pulsation frequency over 700 MHz using this technique. 3) Optical Pickup: When operated in a bistable manner, our device can be used as an integrated optical disk readout head, in which the gain region provides the source beam while the integrated absorber is used to detect variations in the reflected light from the optical disk [23] - [25] . To simulate this application, the device is placed in the external cavity shown in Fig. 8 ; in practice, the external mirror would be replaced by the optical disk. Optical feedback from the external mirror into the cavity reduces the lasing threshold. If the gain region is biased between the two threshold lasing currents corresponding to the cases with and without feedback, then the device will lase only in the presence of optical feedback into the cavity. These large variations in the cavity photon density are reflected in the absorber photocurrent, providing an electronic readout mechanism. The measured response of the absorber to a 2.5-kHz on-off modulation of the cavity feedback is shown in Fig. 8 , inset.
IV. CONCLUSION
We have demonstrated a novel VCSEL with an intracavity absorber. If this device is designed such that the lasing wavelength is shorter than the absorber bandedge, then broad negative differential resistance arises in the absorber under lasing operation due to changes in the cavity photon density as the relative absorption is varied. With this design, our device is useful as an optical modulator, either for low chirp, 9-GHz bandwidth, small-signal optical intensity modulation or for independent phase and magnitude control of a microwave optical subcarrier. If instead the lasing wavelength of the device is designed to be longer than the absorber bandedge, the absorber exhibits sharp negative differential resistance, which we attribute to Stark-shifting of the excitonic absorption peak across the lasing wavelength. The sharp negative differential resistance in the absorber enables either optically bistable operation or tunable self-pulsation in the gigahertz frequency range. When operated in the bistable regime, our VCSEL is useful as an integrated optical disk readout head. This wide range of applications is possible because of the unique properties and design flexibility offered by our three contact device.
